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Methods  of  Measuring  Humidity  and  Testing 

Hygrometers 

A  Review  and  Bibliography 

Arnold  Wexler  and  W.  G.  Brombacher 


This  paper  is  a  review  of  methods  for  the  measurement  of  the  water-vapor  content  of 
air  and  other  gases  and  for  the  production  and  control  of  ntnaispheres  of  known  humidity 
for  liygronieter  testing  and  calibration  and  for  general  research.  Among  the  hygrometric 
tecliniques  discn.ssed  are  psyctirometry,  mechanical  hygrometry,  dewpoint  measurement, 
electric  hygrometry,  gravimetric  hygrometry,  thermal  conductivity,  index  of  refraction, 
pressure  anti  volume  measurements,  and  dielectric  constant.  Di'scriptions  are  given  of 
suitable  equipment  for  establishing  de.sired  humidities  over  a  wide  range  of  temperature. 
A  list  of  loT  selected  references  pertaining  to  hygrometry  is  included. 


1.  Introduction 


The  conditions  under  which  the  relative  or  ab¬ 
solute  humidity  of  pises  are  measured,  recorded, 
or  controlled  vary  p'eatly,  and  as  a  result,  many 
methods  of  humidity  measurement  have  been  de¬ 
veloped  or  proposed.  However,  for  some  applica¬ 
tions  there  is  at  present  no  satisfactory  method 
available  for  such  measurements,  and  the  avail¬ 
able  information  on  methods  and  instruments  for 
measuriiifr  humidity  is  quite  scattered.  This  Cir¬ 
cular,  with  the  appended  references,  is  intended 
to  answer  inquiries  on  humidity  measurement  in 
a  more  comprehensive  manner  than  may  be  done 
by  corresjiondence. 

Knowledffe  of  the  moisture  content  of  solid  ma¬ 


terials,  particularly  paper,  wood,  and  grain,  is 
often  required  during  some  stage  of  processing  or 
storage.  The  equipment,  known  as  moisture 
meters,  used  for  this  purpose  is  not  discussed  in 
this  Circular. 

In  many  cases  a  substantial  gaseous  equilibrium 
exists  between  the  solid  and  the  surrounding  at¬ 
mosphere.  A  satisfactory  determination  of  the 
moisture  content  of  the  .solid  can  be  made  by  the 
relatively  easy  measurement  of  the  humidity  of 
the  atmosphere,  once  the  relation  between  the  two 
has  been  established.  The  same  is  true,  of  course, 
for  liquids  of  definite  composition,  except  that 
the  water  content  may  vary. 


2.  Definitions 


Relative  humidity  is  the  ratio,  usually  expressed 
in  percent,  of  the  pressure  of  water  vapor  in  the 
gas  to  saturation  pressure  of  water  vapor  at  the 
temperature  of  the  gas.  In  engineering,  relative 
humidity  is  sometimes  defined  as  the  ratio  of  the 
weights  per  unit  volume  of  the  water  vapor  in  the 
gas  mixture  and  the  saturated  vapor  at  the  tem- 
])erature  of  the  gas  mixture.  The  two  definitions 
are  equivalent  for  all  practical  purposes. 

Ahxnlute  hiimiilify  of  a  ynx  viixfure  may  be  de¬ 
fined  as  I  be  pressure  of  water  vapor,  or  as  the 
weight  per  unit  volume  of  water  vapor. 

Spocifir  hii/oJd'ly,  a  term  of  use  in  air  condi¬ 


tioning,  is  the  weight  of  water  vapor  in  air  per 
unit  weight  of  the  dry  air. 

Den'po'mt  is  the  temperature  to  which  water 
vapor  must  be  reduced  in  order  to  obtain  a  relative 
humidity  of  100  percent  that  is,  to  obtain  satura¬ 
tion  vapor  pre.ssure. 

Instruments  from  which  the  relative  humidity 
is  determined  are  called  either  psychrometers  or 
hygrometer.s.  Generally,  the  drv-  and  wet-bulb 
instrument  (described  later)  is  called  a  jisychrom- 
eter,  and  direct  indicators  of  relative  humidity 
are  called  hygrometers. 

Tlygroyraphx  are  recorders  of  relative  humidity. 
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3.  Classification  of  Instruments 


Huinitlity-nieasuriiig  instruments  and  methods 
may  be  divided  into  the  following  classes  for  con¬ 
venience.  No  exhaustive  search  of  the  literature 
was  made  to  insure  a  complete  listing  of  all  pro¬ 
posed  instruments,  so  that  it  is  anticipated  that 
some  omissions  exist. 

/>/7/-  and  u'ct-lndb.  Measurements  depending 
on  the  change  in  temperature  due  to  rate  of  evap- 
oiation  from  wet  surfaces,  an  example  of  which 
is  the  dry-  and  wet-bulb  or  sling  psychrometer. 

MechanUal  hiK/romcterx.  Measurement  of  a 
change  in  a  dimension  of  an  absorbing  material, 
such  as  human  hair  or  goldbeater's  skin. 

Dnapoint  indiraforn  and  ncarders.  Instru¬ 
ments  which  indicate  or  record  the  temperature 
at  which  dew  from  the  gas  (air  and  water  vapor) 
mixture  under  test  will  just  form.  A  common 
type  employs  a  mirror  for  observing  the  forma¬ 
tion  of  the  dew. 

Electrical  hygrometer.  ^Measurement  of  the 
ehvtrical  resistance  of  a  film  of  moisture  absorb¬ 
ing  material  exposed  to  the  gas  under  test. 

Gravimetric  hygrometer.  iNfeasurement  of 
weight  of  moisture  absorbed  by  a  moistui-e  absorb¬ 
ing  material. 

(a)  Increase  in  weight  of  a  drying  agent  as  gas 
with  a  constant  moisture  content  is  passed 
through  it. 

(b)  Change  in  weight  of  an  absoi'bing  material 
with  change  in  moisture  content  of  the  gas  under 
test. 

Thennal  condactivity  method.  Measurement 


of  the  variation  in  thermal  conductivity  of  a  gas 
sample  with  water  vapor. 

Spectroscopic  method.  Measurement  of  the 
change  in  intensity  of  selected  absorbing  spectral 
lines  with  change  in  humidity  of  the  gas  under 
test. 

Index  of  refraction.  Measurement  of  change 
in  inde.x  of  refraction  of  a  moisture  absorbing 
liquid  with  change  in  ambient  humidity. 

PrexHurc  or  rohunc.  Measure  lent  of  the  ])res- 
sure  or  volume  of  the  water  vapor  in  a  gas  sanqile. 

Thermal  rise.  Measurement  of  the  temjx'ra- 
ture  rise  of  a  material  exposed  to  water  vapor. 

Mobility  of  ions.  Measurement  of  the  change  in 
mobility  of  ions  due  to  the  jiresence  of  water 
vapor. 

Dielectric  con.stant.  Measurement  of  the  dielec¬ 
tric  constant  of  a  gas  with  change  in  water-vapor 
content. 

Critical  flom.  Measurement  of  the  variation  of 
pressure  drop  across  two  combinations  of  nozzles, 
operating  at  critical  flow,  with  a  desiccant  be¬ 
tween  one  i>air  of  nozzles. 

Diffusion  hygrometer.  Measurement  of  effects 
due  to  diffusion  of  gases  with  and  without  water 
vaj)or. 

Chemical  methods.  Procedures  involving 
chemical  reactions  or  idienomena. 

For  sources  of  supply  for  the  instruments  in- 
<licated  as  commercially  available,  consult  Thomas 
Register  of  American  Manvfactvrcrs  or  The 
Instruments  Index. 


4.  Description  of  Instruments 


4.1.  Dry- and  Wet-Bulb  Psychrometer 

The  psychrometric  method  of  determining  hu¬ 
midity  is  of  importance  in  the  fields  of  meteor- 
<dogfy,  air  conditioning,  refrigeration,  and  the  dry¬ 
ing  of  foods,  liimbei'.  etc.  Its  basic  sim|)licity  and 
fundamental  <-aIibration  have  made  it  the  dom¬ 
inant  means  for  measuring  the  moisture  content 
of  air.  The  elemental  form  of  the  iisychrometer 
comprises  two  thermometers.  The  bulb  of  one 
thermometer  is  covered  with  a  moistened  cfitton 
or  linen  wick  and  is  called  the  wet-bnlb.  whereas 
the  bulb  of  the  other  thermometei’  is  left  bai'e  ami 
is  ii'ferred  to  as  the  dry-bulb.  'I'he  evaporation 
of  water  from  the  moistened  wick  of  the  wet-bulb 
thermometer  produces  a  lowering  in  temperature 
and  from  the  readings  of  the  two  thermometers 
and  the  air  or  gas  pressure,  the  humidity,  abso¬ 
lute  or  lelative,  may  be  determined.  It  is  current 
standard  practice  to  ventilate  the  thermometers 
by  slinging,  whirling,  or  forced-air  cirmlation. 

d'o  obtain  the  relative  or  absolute  humidity,  the 
relation  between  the  wet-  and  dry-bulb  readings 


and  the  actual  ]iressure  of  the  water  vapor  must 
be  known.  This  correlation  was  obtained  by 
Ferrel  (2r>)’  in  ISSG.  based  on  the  data  of  Marvin 
and  Hazen.  who  made  numerotis  observations  of 
wet-  and  dry-bulb  readings  with  sling  and  whirled 
jisychrometei's  and  simultaneous  determinations 
of  dew])oints  with  Pegnault  and  .Mhiard  dew¬ 
point  a])paT'atus.  Ferrel,  after  reducing  these 
data,  fitted  them  into  the  expression 

e-^e' -Ar{t-t') 
where,  in  metric  units. 

.■1  =(i.0iix  1(1  '(  1  -t  ().()( )1  l.“ip) 
r  =  pai'tiat  pressure  of  water  vajior  in  mm  Hg 
at  the  dry-bnlb  temperature  t'^C, 
c'  =  saturation  pressnri'  of  watc'r  vapor  in  mm 
Hg  at  the  wet-bnlb  temperature  /"C' 
/'==tolai  ])ressure  (  winch,  in  the  case  of  mete¬ 
orological  observations,  is  atmospheric 
(iressiire)  in  mm  llg 

'  Fltrun“<  111  pnrt'iillirst's  iudicjitc  flio  lltcrnfiin*  nM«‘rt‘tirrs  at 
iljr  •Mi'l  ot'  tills  papor. 
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and  wlipic,  in  En<jlisli  units, 

,'l  =  ;’..(uX  10-^  [1+0.00004  (^'-.42)] 

(>  =  partial  jirossiire  of  water  vapor  in.  Hg  at 
tlie  drv-bnll)  toinperatiire  /°F 
e'  =  satiiration  jirossure  of  water  vapor  in  in. 

Ife;  at  tlie  wet-biilb  temperature  i'"’F 
P=  total  pressure  in  in.  H". 

Starting  from  fundamental  concepts,  several 
theories  have  been  developed  that  attempt  to  ex¬ 
plain  the  phenomena  that  occur  at  the  wet-bulb 
and  which,  at  the  same  time,  yield  exjiressions  of 
the  form  used  by  Ferrel.  The.  first  equations  for 
use  in  i>sychrometry  were  developed  by  Ivory  (21) 
in  l.s2i!  and  extended  by  Au<iur't  (22)  in  1825  and 
Apjohn  (2:!)  in  1S;J7.  The  so-called  convection 
theory  is  the  result  of  their  work.  In  1!U1.  Car¬ 
rier  (2S,  42)  and  in  1!)22,  Lewis  (40)  reestab¬ 
lished  tlie  basis  of  this  theory  and  nmamed  it  the 
adiabatic  saturation  theory.  This  theory,  which 
depends  on  a  heat  balance  at  the  wet-bulb,  fouml 
wide  acceptance  in  the  air-conditionin<i  and  re¬ 
frigerating'  industries  and  has  heen  used  exten¬ 
sively  in  the  construction  of  phychrometric  charts. 
The  a^i'eement  lietween  theory  and  experimental 
data  was  investigated  by  (’arrier  (2S)  and  Drop- 
kin  (ST).  Their  results  indicate  that  for  most 
work  of  enirineerinjr  accuracy,  tlie  adiabatic  satu¬ 
ration  theory  is  adequate  for  predictin<r  the  vapor 
pressure  of  water  vapor  from  wet-  and  dry-bulb 
readiiifTS.  Maxwell  (11)  in  1877  deduced  an 
equation  based  on  the  ditrusion  of  heat  and  vaiior 
throu<rli  a  surface  <fas  film  on  the  wet-hulb.  In 
recent  years,  further  work  has  been  done  experi¬ 
mentally  (71)  and  theoretically  (7;i)  on  psycho¬ 
metric  theory,  and  in  reviewiiijr  tlie  subject  (h'l). 

.Vs  the  psychrometric  formula  ^ives  the  partial 
pressure  of  the  water  vapor  of  the  jras  under  test, 
a  computation  is  necessary  to  convert  to  humidity 
in  other  terms.  'Fhe  relative  humidity,  for  ex- 
anqile,  is  obtained  from  the  equation 

/(//- ;  XI 00, 

where 

(’=lhc  partial  prc.ssure  of  water  vapor  as  de¬ 
termined  by  the  psychrometric  formula 

e,=  the  saturation  pressure  of  water  vapor  at 
the  dry-bulb  temperature 
/?//=the  relative  humidity,  in  percent. 

In  practice,  calculations  directly  involving  the 
iKse  of  the  iisychrometric  formula  are  rarely  made. 
The  customary  jirocediire  is  to  employ  tables  (1, 
4,  5,  7,  lo.  14,  15,  10,  18.  44,  07.  81,  and  00)  or  charts 
or  curves  ( 1,  !),  18,  77,  82,  100,  107,  115)  that  con¬ 
veniently  and  rapidly  yield  the  relative  humidity, 
vapor  pressure,  or  ilewpoint  from  the  dry-  and 
wet-bulb  thermometer  readings  and  the  air 
pressuie. 

The  sling  psychrorneter  (1,  8,  12,  15,  60),  using 
two  mercury  thermometers,  is  the  common  form  of 


this  instrument.  It  is  relied  upon  principally  by 
nieteorologi.'^ts  and  is  widely  used  by  other  scien¬ 
tists  and  by  engineers  for  measuring  relative  hu¬ 
midity.  Ventilation  is  obtained  by  swinging  the 
thermometers  to  produce  a  minimum  air  velocity 
of  !)(!(»  ft, 'min  at  sea  level  (higher  at  altitude). 
It  is  supplied  by  firms  manufacturing  meteoro¬ 
logical  insti'uments  and  by  many  laboratory  ajipa- 
ratus  sui)ply  houses.  Stationary  thermometers, 
with  ventilation  ])roduced  by  a  motor-driven  fan 
or  blower  integral  with  the  instrument,  are  known 
as  Assmann  or  aspiration  jisychroineters  (1.  8.  12, 
60).  These  are  also  commercially  available  from 
a  smaller  number  of  firms.  Unventilated  I'sy- 
chrometers  are  unreliable  and  hence  rarely  used. 

In  addition  to  the  mercury-in-glass  thermom¬ 
eter,  other  temperature  measuring  devices  may  be 
adapted  for  jisychi'ometric  use.  Resistance  ther¬ 
mometers  (47,  64,  70)  thermocou])les  (68,  60,  72. 
80,  00,  108),  and  bimetal  thermometers  ( 148)  can 
be  used  for  both  indicating,  recoi’ding.  and  con¬ 
trol.  Thermocouples  are  of  special  interest  where 
low  lag  is  important,  where  there  is  little  or  no 
ventilation  (72.  SO,  00)  or  where  very  low  rela¬ 
tive  humidities  (01)  are  to  be  measured. 

Instead  of  direct  temperature  measurements, 
the  temperiiture  of  the  therinometi'rs  lUiiy  be 
equalized  (140).  In  this  method  the  tempera¬ 
ture  of  the  wet-bulb  is  raised  to  that  of  the  dry- 
btilb  and  the  heat  meastired  which  is  retpiired  to 
maintain  eqiiilibritim.  This  is  accomplished  by 
winding  a  mangatiin  wire  heater  around  the  wet- 
bulb  atid  under  the  wick  and  measuring  tlie  cur¬ 
rent  when  the  wet-  and  dry-bnlb  thermometers 
read  alike.  A  convenient  arrangement  tttilizes  a 
differential  thermocouple  psychrorneter  whose 
output  is  I'ead  on  a  galvanomet(>r.  The  current 
to  the  wet-bulb  lu'ater  is  adjusted  until  the  gal¬ 
vanometer  no  longer  deflects. 

The  ])sychrometric  method  often  may  be  ap¬ 
plied  in  s]>ecialized  or  unconventional  conditions. 
At  tempei'atures  below  freezing,  the  psychrorneter 
continues  to  function,  hut  the  magnitude  of  the  de¬ 
pression  is  greatly  reduced  and  proper  precautions 
must  be  taken  to  obtain  reliable  data  (121).  .Vt 
elevated  tenqieratures  or  low  relative  humidities, 
■Special  instruments  (56),  tables  (67)  and  tech¬ 
niques  (74)  must  he  used.  Most  tables  and  charts 
are  designed  for  use  at  atmospheric  jiressui’es. 
When  low  or  high  pressures  are  encountered,  either 
special  tables  (15,44)  or  charts  (82)  must  he  used 
or  the  relative  humidity  must  be  computed. 

Where  the  moisture  content  of  gases  other  than 
air  is  to  be  determined,  the  jisychrometric  constant 
A  must  be  modified,  to  account  for  the  iihysical 
properties  of  the  particular  gas.  Values  of  .4  for 
several  mono-,  di-  and  triatomic  gases  are  given 
by  BrauckhofT  (143). 

Among  the  factors  influencing  the  performance 
and  accuracy  of  the  psychrometric  method  are  ( a) 
the  .sensitivity,  accuracy  and  agreemem  in  reading 
of  the  thermometers,  (b)  the  speed  of  air  jiast  the 
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wet-bulb  tliennoineter,  (c)  radiation,  (d),  the  size, 
shape,  material  and  wettiiifj  of  the  wick,  (e)  the 
relative  position  of  the  dry-  and  wet-b\db  ther¬ 
mometers,  and  (f)  the  temperature  aiul' purity 
of  the  water  used  to  wet  the  wick.  A  discussion 
of  these  factors  will  be  found  in  (1,  8,  12,  15,  :}5, 
37,  46,  60,  74,  78,  00,  98,  121,  151) . 

The  thermometers  used  in  psychrometry  should 
be  high-grade  matched  instruments,  else  appre¬ 
ciable  error  may  be  introduced.  While  a  calibra¬ 
tion  of  the  thermometers  is  desirable,  an  inter¬ 
comparison  at  several  temperatures  to  determine 
whether  they  read  alike  usuallj’  suflices.  In  addi¬ 
tion,  when  high  accuracy  is  desired  and  low  rela¬ 
tive  humidities  are  measured,  corrections  for  the 
emergent  stem  of  the  wet-bulb  thermometer 
should  be  applied. 

Thermometer  errors  may  combine  in  several 
ways  to  influence  the  accuracy  of  the  relative  hu¬ 
midity.  Thus  either  the  dry-bulb  thermometer  or 
the  wel-bulb  thermometer  or  both  may  be  in  error. 
The  magnitude  of  the  error  in  relative  humidity 
will  de]>ejid  not  only  on  the  magnitude  of  the 
thermometer  errors,  but  also  on  their  j)ai'ticidar 
combination,  since  both  the  dry-bulb  temperature 
and  the  wet-bulb  depression  are  required  for  a 
determination.  Occasionally,  in  psychrometric 
work,  instead  of  measuring  both  the  dry-  and  wet- 
bulb  temperatures  se])arately,  the  dry-btdb  tem- 
])erature  and  the  wet-bulb  depression  are  meas- 
u.red,  from  which  the,  wet-bulb  temperature  can 
be  computed  for  use  in  entering  commonly  avail¬ 
able  tables.  The  latter  is  obtained  by  measuring 
the  temperature  difference  with,  say,  a  differential 
thermocouple,  one  end  of  which  is  maintained  dry 
and  the  other  wet.  Here  the  errors  may  occur 
either  in  the  dry-bulb  measurement  or  in  the,  de- 
2)ression  measurement  or  in  both.  Errors  in  the 
de])ression,  however,  may  be  considered  as  equiva¬ 
lent  to  errors  in  the  wet-bulb  reading,  so  that  es¬ 
sentially  the  combinations  of  errors  are  the  same 
as  those  first  listed. 

In  order  to  obtain  an  estimate  of  the  errors  in 
relative  humidity  arising  from  thermometer  er¬ 
rors,  it  will  be  a.ssumed  that  psychrometric  meas¬ 
urements  are  made  at  atmosplieric  pressure  (29.92 
in.  Hg),  at  dry-bulb  temijeratures  of  150°,  100°, 
75°,  50°,  and  32°  F,  and  at  wet-bidb  depressions  of 
I'.l,  1.0,  and  10°  F.  For  these  given  conditions, 
the  errors  in  relative  humidity,  due  to  (a)  a  nega¬ 
tive  error  of  1°  F  in  wet-bulb  tem])erature  with 
the  dry-bulb  temj)erature  correct,  (b)  a  positive 
error  of  1°  F  in  dry-bulb  temperature  with  the 
wet -bulb  temperature  correct,  (c)  an  error  of  1° 
F  in  dry-bulb  tem|)erature  and  an  error  of  1°  F 
in  wet-ludb  temi)erature,  both  errors  being  nega¬ 
tive,  and  (d)  a  positive  error  of  1°  F  in  dry-bulb 
temj)erature  and  a  negative  error  of  1°  F  in  wet- 
Imlb  temperature,  have  been  determined  and  are 
given,  correspondingly,  in  table  1.  It  is  seen  in 
(c),  table  1,  that  the  errors  are  greatly  reduced  if 
the  thermometers  are  matched. 


Table  1.  Error~in  relative  humidity  due  to  uncnrrected 
errors  in  the  thermometers 


(a)  Dry  bulh  thormometcr  reads  correctly;  wet  bulb  tbernionicter 
reads  1  deg  V  low 

P'rror  in  relative  humidity  at  a  wet  bulb  depression 

Dry  bulb  tern- 

or— 

0.1  deg  V 

1 .0  deg  F 

10  deg  F 

“F 

r. 

1 

r* 

I'C 

(r 

2. 0 

2.  0 

‘i.  1 

KHI 

3.0 

3.  5 

2.9 

75 

4.0 

4.5 

3.7 

50 

0.  7 

fi.  (\ 

5.6 

32 

10.5 

10.3 

. 

(b)  Dry  bulb  thermometer  rends  1  deg  F  high;  wet  bulb  thermometer 

reads  correctly 

Error  in  relative  humidilv  at  a  wet  bulb  depression 

Dry  t  Mntern* 

of- 

0,1  deg  F 

1 .0  deg  F 

10  deg  F 

r* 

r' 

r- 

1.50 

2.  0 

2.  5 

2.0 

100 

3.  5 

3.4 

2.  0 

75 

4.5 

4.4 

3.  1 

50 

0.  f) 

0.4 

4.3 

32 

9.S 

9.4 

(o)  Drv  hull)  Uiermonu'tor  rrails  1  <lrp  F  low;  wot  bulb  IliiTnionu-tcr 

reads  1  dog  F  low 

Error  in  relative  humidity  at  a  wet  bull'  depression 

Dry  bulb  lem- 

of— 

n.l  deg  F 

1.0  deg  F 

10  deg  F 

•"r 

% 

150 

0.00 

0.02 

0.  11 

100 

.tM) 

.1)3 

.32 

<  5 

.(H) 

.05 

.  51 

.50 

.00 

.11 

1.24 

32 

.0? 

.20 

(d)  Dry  bulh  thermometer  reads  1  dee  F  high;  wet  bulb  thermometer 

reads  i  deg  F  low 

Error  in  relative  humidity  at  a  wet  bulb  depression  i 

Dry  bulb  tern- 

of— 

1 

i 

n.l  deg  F 

l.n  deg  F 

in  deg  F 

°F 

r* 

r 

r* 

1.50 

5.  1 

.5.0 

4.  1 

100 

7.0 

O.K 

5.4 

75 

S.  9 

8  7 

0. 7  i 

50 

13.0 

12.  7 

9.8  1 

32 

19.8 

19.  3 

The  jisychrometric  constant,  .1,  in  the  Ferrel 
formula  is  not  invariant  but  is  a  function  of  the 
velocity  of  ventilation  across  the  wet-bulb  ther¬ 
mometer,  and  reaches  a  minimum  value  as  the 
velocity  is  increased.  This  is  reflected  as  a  maxi¬ 
mum  wet-bulb  depression.  Any  further  increase 
in  velocity  will  have  negligible  effect.  When  the 
velocity  is  siifficiently  high  so  that  A,  is  constant, 
then  the  magnitude  of  the  velocity  need  not  be 
measured  or  estimated.  For  most  mercury-in¬ 
glass  thermometers  with  bulbs  Vi-inch  diameter  or 
fes,  the  acceptable  minimum  rate  of  ventilation  is 
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!>(•()  ft/inin.  If  tliis  velocity  is  not  aeliieved,  tlien 
the  nieasuml  wet-hulb  (le])ression  will  not  be  a 
inaxiniiim.  and  the  use  of  the  psyebroinetric  for- 
inida.  tables  or  charts  will  yield  values  of  relative 
biiniidity  that  are  too  bijzb. 

The  beat  absorbed  by  the  wet-bnlb  due  ])rin- 
cipally  to  radiation  tends  to  raise  the  wet-bidb 
teinperatiire  so  that  a  true  depression  is  not  at¬ 
tained.  To  minimize  this  etl'ect,  radiation  sbield- 
inir  is  commoidy  employed.  One  method  of  such 
sbieldinpr,  successfully  used  in  some  veiitilated  psy- 
cbrometers,  is  to  surround  the  wet-bulb  with  an 
external  primary  metal  shield  ami  to  insert  an 
auxiliary  shield  between  the  primary  exteimal 
shield  and  the  wet-bulb,  this  auxiliary  sliield  beinj; 
covered  with  a  wick  so  that,  11)1011  moisteninsr.  the 
auxiliary  shield  may  be  brou<rbt  close  to  the  wet- 
bulb  temjieratiire  thereby  |)ractically  eliminating 
the  source  of  radiation  ami  conduction  due  to  the 
ditference  between  the  dry-  and  wet-bulb  tem- 
jieratures. 

The  function  of  the  wick  is  to  retain  a  thin  film 
of  water  on  the  wet-bulb  so  that  eva)ioration  may 
continue,  until  the  true  wet-bulli  tem])erature  is 
reached.  Cotton  or  linen  tuliing  of  a  soft  mesh 
weave  serves  well  for  this  ))ur|)ose  because  of  its 
excellent  water-absorbent  iiro))erties.  Sizing  in 
the  wick  material,  encrustations  forming  after  use 
ami  lack  of  a  siiiiir  fit  interfere  with  the  mainte¬ 
nance  of  a  continuous  film  of  water.  Substances 
in  solution  in  the  wick  water,  due  either  to  im¬ 
purities  on  the  wick  or  in  the  water  used  for  mois¬ 
tening  will  change  the  saturation  va|ior  jiressure 
of  water  and  hence  atl'ect  the  results.  Wicks 
should  therefore  be  cleaned  and  replaced  fre¬ 
quently.  and  distilled  water  should  be  used  for 
moistening.  The  wick  should  extend  beyond  the 
bulb  and  onto  the  stem  of  the  thermometer,  for  an 
inch  or  so.  in  order  to  reduce  heat  conduction 
along  the  stem  to  the  bulb. 

Although  the  tem|)erature  of  the  water  used  to 
moisten  the.  wick  is  often  at  dry-bulb  tem|)ei-a(ure, 
it  should  he  preferably  that  of  the  wet-bidb  or 
slightly  highei-.  The  use  of  water  that  has  been 
hioiight  to  the  wet-bulb  tenqierature  is  es|)ecially 
iminu’tant  when  the  ambient  temperature  is  high 
ami  when  the  relative  humidity  is  low. 

If  the  tem|)erature  of  the  water  used  to  wet 
the  bulb  is  too  high,  it  may  take  a  long  time  for 
the  bulb  to  cool  to  wet-btdb  tem|)erature.  and 
before  this  )ioint  is  reached  the  watc'r  may  have 
evajiorated  sufficiently  so  that  the  thermometer 
never  reaches  the  wet-bulb  tem|)eiature.  If  the 
moistening  water  temiierature  is  a)q)reciahly 
lower  than  the  wet-hidb  tem|»erature,  the  ther¬ 
mometer  tem])eiature  will  climb  throughout  the 
j)eriod  of  ventilation,  remaining  constant  at  the 
wet-bidb  tenqierature  only  as  long  as  there  is  suf¬ 
ficient  water  to  keeji  the  bulb  surrounded  with  a 
film  of  water.  If  the  tenqieratuie  of  the  water 
used  for  moistening  is  at,  or  slightly  above  or 
below,  the  wet-bulb  temperature,  then  the  wet- 


bulb  will  remain  or  quickly  attain  the  wet-bulb 
tenqierature  and  remain  at  this  value  for  an  a))- 
preciable  length  of  time  so  that  it  can  be  read 
easily  and  accurately. 

A  se|)aration  of  the  dry-  and  wet-bulbs  is  nec¬ 
essary  in  order  to  |irevent  the  air  that  jiasses  the 
wet-bulb,  and  is  thereby  cooled  by  t  lu*  eva]iorat  ing 
water,  from  contacting  the  dry-bulb  and  giving 
rise  to  an  erroneous  di  v  bulb  reading.  To  avoid 
this,  the  thermometers  may  he  ari’anged  so  that 
the  air  flows  across  the  dry-hulb  before  it  leaches 
the  wet-bulb  or  the  air  sanqile  may  be  divided  so 
that  one  )iart  flows  across  the  wet-bulb  and  the 
other  jiart  across  the  dry -bulb. 

4.2.  Mechanical  Hygrometer 

In  hygrometers  of  this  ty]ie.  human  hair  is  com¬ 
monly  used  as  the  sensing  element.  In  indicators 
the  mid)ioint  of  a  bundle  of  hairs  under  tension 
is  connected  by  the  sinqilest  )mssible  lever  system 
to  a  jiointer.  In  recorders  a  ]ien  arm.  which  is 
substituted  for  the  ]iointer,  traces  an  ink  record 
on  a  clock-driven  drum. 

The  hair  hygrometer  indicates  relative  humid¬ 
ity  directly  over  a  wide  range  of  tenqierature.  but 
its  reliability  ra]:iidly  decreases  as  the  ambient 
tenqierature  ilecreases  below  freezing  tO"  ('). 

At  tem)ieratures  below  freezing  (0°  C)  the  hair 
hygrometers  indicate  relative  humidity  in  terms 
of  the  vapor  )iressure  of  su))ercooled  water,  not 
that  of  ice  (117). 

The  chief  defect  is  the  lack  of  stability  of  the 
calibration  undei-  usual  conditions  of  use.  How¬ 
ever,  tests  I'ecently  completed  at  this  Bureau  on 
two  good  qualitv  recorders  indicated  little  aver¬ 
age  shift  in  caliiiration  over  a  ])eriod  of  almost  1 
year:  the  hysteresis  (difference  in  indication,  hu¬ 
midity  increasing  and  decreasing)  was  of  the 
order  of  o-iiercent  relative  humidity.  See  (1.  S. 
I’J.  .‘iS,  I.-i.  s:’.,  88,  117)  for  )ierformance  data. 

Reliable  data  on  the  lag  of  the  hair  hygrometer 
are  lacking.  |iarticularly  at  low  tenqierat ures. 
.Suddenly  subjecting  hygrometers  at  about  'J."!®  C 
to  a  change  in  relative  humidity  requires  of  the 
order  of  .t  minutes  to  indicate  90  ]iercent  of  the 
change  in  relative  humidity;  this  time  interval  in¬ 
creases  with  decrease  in  tem)ierature  of  the  hairs, 
and  is  of  the  order  of  10  times  greater  at  —  10°  C. 
The  effect  of  tenqierature  on  the  calibration  of 
hygrometers  commercially  available  is  not  well  es¬ 
tablished  for  tenqierat  ures  below  0°  C. 

At  the  best,  indications  of  the  hair  hygrometer 
have  a  reliability  of  about  !)  jiercent  in  relative 
humidity  at  room  tenqierature  when  ex|iosed  to  a 
<-oiis(ant  relative  humidity  long  enough  to  obtain 
equilibrium.  The  large  time  lag  of  the  hair  hy¬ 
grometer  is  a  serious  barrier  to  accuracy  if  chang¬ 
ing  humidity  is  being  measured. 

The  hair  hygrometer  is  made  by  a  large  num¬ 
ber  of  industrial  instrument  couqianies,  including 
meteorological  instrument  firms;  the  hair  hygro- 
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^raj)!!  (recoidor)  is  made  by  a  sinallor  but  still 
laifif  niiinber  of  Ihoso  firms. 

Tlu‘  hair  oliMiuMit  witli  suitable  arcossorios  is 
widely  used  as  a  humidity  cauit  roller  in  air-eondi- 
tioninu:  and  other  applications.  'I'be  /('ro  shift  so 
evident  in  inst ruments  measui’injr  ambient  humid' 
ity  is  less  troublesome  when  the  I'ehitive  humidity 
about  the  element  is  maintained  nearly  em\stant 
(50,  G'2,  (5)ntrolIers  are  available  from  a 

sizable  number  of  industrial  instrument  firms. 

A  recent  development  in  this  country  has  been 
tiu'  use  of  <roldbeatei''s  skin  in  disk  form  by  .S(>rdex 
(loO).  It  is  claimed,  but  not  yet  Generally  ac¬ 
cepted.  that  the  perfoiniance  is  (‘sscmiial  la^tter 
than  that  of  the  human-hair  tyiu>.  See  (b’i4)  for 
l)erformance  data  at  low  tiMuperatiires;  as  for  the 
hair  hyefronu'ter.  the  indication  at  temperatui’es 
below  freezinir  of  instruments  reading  correctly 
above  freezing;,  is  in  terms  of  relative  humidity  of 
the  vapor  ])ressui'e  of  supercooled  water. 

Many  orjranic  materials  arc  hyjrroscopic.  Thus 
wood  fibers  have  been  used  as  a  sensinj^  element. 
.Mso  jilastics  (  lo’i)  in  a  form  similar  to  bimetal 
have  some  ai)plicai ion  and  perhaps  are  the  most 
open  to  exploration.  .V  cotton  lilament  as  a  tor¬ 
sion  element  |5:j)  has  been  tried.  None  of  these 
seem  to  f^ive  essentially  bett(‘i’.  if  as  jrood  |)erform' 
ance  as  human  hair  and  thus  far  liave  had  only 
limited  application. 

4.3.  Dewpoint  Indicators  and 
Recorders 

When  water  vapor  is  cooled,  a  ttunperature 
is  reached  at  whicli  the  phase  (hanjrcs  to  li(|uid 
or  solid.  .Vt  this  temperature,  condensation  con¬ 
tinues  lint  il  au  e(|uilibi-ium  bet  ween  t  he  vapor  and 
li(|uid  or  solid  phase  is  established.  'I'he  tempera¬ 
ture  at  which  the  vapor  and  li(|uid  or  vapor  ami 
solid  phases  are  in  equilibrium  unicpiely  li.xes  the 
j)ressure  of  the  vapor  phase  t saturation  vapor 
pressure)  and  therefore  determines  the  absolute 
hmnidity. 

If  the  temj)erature  at  which  water  vapor  must 
be  cooled  for  it  to  be  in  equilibrium  with  its  liquid 
or  ice  state  is  measured,  then  the  humidity  is  ob- 
taineil  directly  from  it.  The  dewpoint  method 
jirovides  a  convenient  technique  for  ascertainin<r 
this  t'Ui  perature.  Basically,  the  procedure  is  to 
reduce  the  temperature  of  a  mirror  until  dew  or 
frost  just  conden.ses  from  the  surroundin<r  air  or 
jjas  .sample.  The  temperature  at  the  surface  of 
the  mirror  at  the  instant  de^v  or  frost  appears 
is  defined  as  the  dewpoint.  If  the  temperature  of 
the  air  or  j^as  sample  is  measured  and  the  initial 
humidity  of  the  sample  .surroundiiif?  the  mirror 
is  kept  unaltered,  the  initial  relative  humidity 
can  be  comjiuted  from  a  knowledge  of  the  satura¬ 
tion  vapor  pre.ssures  at  the  two  temperatures. 

It  should  be  noted  that  the  formation  of  frost 
is  not  always  jmsitive  because  of  the  lack  of  a 


cr\>(al  iimdens.  so  that  supersalurat  ion  may  occur, 
.'^upersatnration  is  less  likely  to  occur  with  respect 
to  the  liipiid  phase  than  with  the  ice  phase.  ,\t  a 
given  saturation  jiressure.  if  ice  does  not  form 
on  the  miiror,  dew  will  form  as  the  mirror  tern-  ! 

perature  is  lowered,  hence  there  is  always  a  little 
uncertainty  whether  the  first  clottding  of  the  mir¬ 
ror  represents  the  dewpoint  fwitU  condenseil 
water)  or  the  frost  point. 

\’alties  of  the  saturation  vapor  pressure  of 
water,  at  temiierature  above  and  Indow  freezing.  j 

are  readily  available  in  \arious  haiulliooks  and 
compilations  (1.2.  4.  (5.  15.  It;.  17.  1''.  12S).  There 
is  sonu'  discordance  in  the  values  given  in  the  ^ 

listed  references.  Ilowexer.  for  most  ajqilicat ions 
in  the  field  of  humidity  measurement  or  control, 
there  is  little  to  be  gained  in  the  use  of  any  one 
table  in  |)reference  to  the  othcis.  I'lie  \  nines 
given  in  table  2  ai'e  reiiroduced  from  the  .'Smith¬ 
sonian  .Meteorological  Tables  (K)).  .Vt  tempcia- 
tur»‘s  bi'low  (1°  C\  till*  saturation  vapor  pressmes 
nd'er  to  water  vajior  in  eiiuilibrium  over  ice.  Sat- 
iii'ation  vapor  ju’i'ssiiri's  of  water  \  apor  below  o 
(■  in  iMpdlibrinm  over  supercooled  water  are  giveti 
in  table.'!  and  are  reproduced  from  the  Interna¬ 
tional  Critical  'J'ables  (17). 

'I'he  dewpoint  instrument  serves  as  a  nsefnl  re¬ 
search  tool  for  the  determination  of  htnnidity  in 
meteorology  as  well  as  for  the  determination  of 
watiu*  vapor  content  in  flue  gases,  gasoline  vapors, 
ftirnace  gasi's.  conqiressed  gages,  and  closed  cham¬ 
bers.  While  the  dewpoint  instrument  has  been 
under  considerable  development  in  the  ^last  dec- 
aile,  principally  along  the  line  id'  improving  the 
teinjMU’ature  control,  means  ot  indication,  and  au¬ 
tomatic  recording,  il  has  been  tised  in  elemental 
form  as  ftir  back  as  the  early  part  of  the  last 
century.  Dalton  and  Daniells  used  sinqile  dew¬ 
point  hygrometers.  Regnault  (24)  developed  an 
instrument  that  has  been  used  as  a  prototype  and 
standard  for  many  years  in  tin*  measurement  of 
atmospheric  hmnidity.  Kssentially,  it  consisted 
of  a  thin  polished  silver  thimble  containing  ether.  « 

Air  was  aspirated  through  the  ether  to  cause 
eva[M)ration  and  hence  cooling  of  the  thimble. 

'I’he  temperature  of  the  ether  at  the  appearance 
and  dis  'ppearance  of  dew  was  observed  and  the  * 

mean  taketi  as  the  dewpoint.  .V  thermometer  in 
a  second  thimble,  near  the  first,  gave  the  ambient 
temjierature  and,  by  comparison,  the  .second 
thimble  helped  in  the  recognition  of  the  appear¬ 
ance  and  disappearance  of  (lew  on  the  first  thimble. 
Improvements  and  variations  of  the  Regnault  de¬ 
sign  were  made  bv  Alluard  (25).  and  others  (.'12, 

41.45,  55,57). 

'I'he  early  models  used  ether  for  cooling  and 
mercury-in-glass  thermometers  for  temperature 
ami  measurement.  Recent  models  have  employed 
such  cooling  schemes  as  compressed  carbon 
dio.xide,  dry  ice,  liquid  air  (for  very  low  dew- 
])oints)  and  mechanical  refrigeration.  In  addi¬ 
tion,  metal  mirrors  are  now  commonly  used,  the 


6 


Tahi.k  2.  Satvration  vapor  prcfi^iit  f  of  voter  vapor  in  rnUlinieters  of  merrvry  vith  respect  to  water  aiove  0°C  and  unth  respect 

to  ire  below  0°C 

(Hr-proiliiecd  from  tlie  Smithsonian  McU'oroIoitical  Tables) 
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Tabi.k  3.  Saturation  vapor  pressure  of  water  vapor  in  mm  mercury  with  respect  to  supercooled  water 

(lloproilucod  from  the  Intornational  r riiical  Tables) 
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warminj;  of  wliich  by  heat  from  the  amhieut  at¬ 
mosphere  has  been  au<rmeiite<l  by  electric  resist¬ 
ance  or  induction  heating.  The  temperature  of 
t  lie  mirror  surface  is  frequently  measured  by  ther- 
mocoujiles  affi.xed  .several  hundredths  of  an  inch 
lielow  the  surface  or  actually  on  the  surface  of 
the  mirror.  While  mercury-in-glass  thermom¬ 
eters  are  still  used,  their  high  lag  introduces  an 
uncertainty  in  the  temperature  reading.  In  one 
instrument,  the  temperature  is  measured  by  a 
carbon  dioxide  vapor  pressure  thermometer  in 
which  the  mirror  is  integral  with  the  bulb  (1'.)). 
Visual  observation  of  dew  or  frost  has  often  been 
rejilaced  by  photoelectric  detection  of  retlected  or 
scattered  light  from  the  mirror  and  is  indicate<l 
on  an  electrical  meter,  or  automatically  recorde«l. 
The  output  of  the  photoelectric  circuit  has  l)een 
used  also  to  control  the  heat  input  to  the  mirror 
and  tliereby  to  maintain  the  mirror  temperature 
at  the  dewpoint.  Photoelectric  observation  below 
the  frost  point  has  several  advantages.  Elec¬ 
tronic  circuits  may  be  emjdoyed  that  automati¬ 
cally  maintain  a  constant  lilm  thickness  on  the 
mirror.  There  can  then  be  little  question  of 
whether  the  liquid  or  solid  phase  is  involved,  for 
sujiercooled  liquid  will  not  long  exist  under  such 
condit  ions  without  changing  to  ice.  There  will  be 
no  supersaturation  for  Tack  of  a  crystal  nucleus. 

For  information  on  these  later  forms  of  dew- 
])oinf  indicators  and  recorders  operating  at  atmos¬ 
pheric  pressure,  .see  (79,  9.5,  97,  102.  104,  11(1.  127, 
1.‘55,  142,  144,  145,  140).  Dewpoint  indicators  re¬ 
quiring  visual  observation  and  manual  operating 
of  the  cooling  system  are  available  from  dealei’s 


in  scientific  laboratory  equipment.  Dewpoint  in- 
dicatoi’S  and  recorders  employing  photoelectric 
detection  are  made  by  a  limited  number  of 
luanufacturei’S. 

Several  dewpoint  indicators  have  been  de¬ 
veloped  that  are  of  novel  form  or  of  specialized 
use.  An  instrument  for  use  at  high  pressures  is 
described  in  (133).  In  another  instrument  the 
sample  of  gas  under  test  is  pumped  into  a  closed 
chamber  and  is  then  cooled  by  adiabatic  expansion 
to  a  lower  pressure.  By  repeated  trials  a  prc.s.sure 
ratio  can  be  secured  so  that  a  cloud  or  fog  is  just 
formed  when  the  pressure  is  suddenly  released. 
The  dewpoint  is  computed  from  the  ratio  of  (he 
initial  to  final  pressure  and  the  measurement  of 
the.  initial  temperature.  One  version  of  this  in- 
.strument  (4.5)  employs  a  vacuum  pump  for  ex¬ 
hausting  a  reservoir  into  which  the  gas  samjile 
eventually  is  expanded.  A  commercial  vei-sion 
( 130)  uses  a  small  hand  pump  for  compressing 
the  gas  sample  and  then  expands  the  gas  into  the 
atmosphere.  No  adequate  data  on  perfoiinance 
limits  are  available. 

A  polished  rod  or  tube  of  high  thermal  con- 
iluctivity,  heated  at  one  end  and  cooled  at  the 
other  end  so  that  dew  forms  on  jiart  of  the  rod 
(43)  has  been  used  to  obtain  the  dewpoint.  'I'he 
temperature  of  the  rod  measureil  at  the  dew 
boundary  is  the  dewpoint.  There  has  been  no 
commercial  development  of  this  device.  Unpub- 
li.shed  data  indicate  that  it  is  unreliable  at  dew¬ 
points  lielow  the  ice  point  (0°  V)  liecause  no  satis¬ 
factory  ice — no  ice  boundarv  is  obtainable. 

Vse  has  been  made  of  the  cliange  in  conductivity 
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lu-(  clt'cf  i  on  a  trlass  lliinible  for  (U'toctinj; 

If.  O  O 

fill'  (lt“\v|i(»int  (45,  5!)). 

'I'lic  dewpoint  inetliod  may  be  "onsidered  a 
fmidamenfal  teelinique  for  determining  vapor 
pressure  or  humidity.  Howevei',  tlie  certainty  of 
I  lie  dewpoint  measurement  is  influenced  by  several 
factors,  some  of  wliich  are  of  such  indeterminate 
nature  as  to  inaUe  an  estimate  of  tlie  aiaairacv  difli- 
cult.  It  is  not  always  possible  to  measure  the 
ti'iuperat lire  of  the  mirror  at  the  surfaei'  or  to  as¬ 
sure  that  no  gradients  exist  across  the  surface. 
'J’he  visual  detection  of  the  inception  of  eondensa- 
i'on  cannot  be  made  with  complete  assurance  nor 
is  it  probable  that  two  diil'erent  observers  would 
detect  the  dew  or  frost  at  the  same  instant.  It  is 
usual  practice  for  the  dewpoint  to  be  taUen  as  the 
averafre  of  the  tiMiiperatiire  at  which  dew  or  frost 
is  first  detected,  on  cooling  of  the  mirror,  and  the 
temperature  at  which  the  dew  or  frost  \:inishe.s, 
on  warming  of  the  mirror.  This  proceibirc'  does 
not  as'ure  a  correct  answer  since  care  must  be 
taken  to  locate  the  thermometer,  so  tiiat  no  teni- 
IH'ratuie  gradient  exists  from  the  cold  source  to 
the  mirror  face  or  to  tlie  gas  as  a  whole.  The 
photoelectric  detection  of  the  dewpoint  usually 
depends  iqion  achieving  an  equilibrium  condition 
on  the  mirror  surface  during  which  the  amount  of 
dew  or  frost  remains  constant.  It  has  been  re¬ 
ported  ( 14())  that  the  dewpoint  so  measured,  down 
to  —.‘5.5'’  C,  agrees  on  the  average  to  0.1  deg  C 
with  the  dewpoint  measured  visually  with  a 
Kegnaiilt  instrument. 

'J'he  uncertainty  of  measuring  the  dewpoint  de¬ 
creases  with  (h'crease  in  temperature.  Below  low 
0"'  (’  uncertainty  definitely  exist*  if  the  eye  is  used 
for  detecting  the  fir.st  sign  of  condensation,  for  it 
cannot  ilistinguish  or  differentiate  between  the 
liquid  and  ice  phase  with  the  minute  trace  of  water 
involved.  With  a  photoelectric  system  in  which 
the  mirror  alternately  cools  and  then  warms  so 
that  condensation  forms  and  evaporates,  the 
jihotocell  is  likewise  incaiiahle  of  detei’inining 
whether  the  condensate  is  liquid  or  solid.  Witli  a 
photoelectric  system  in  which  a  constant  film 
thickness  is  aiitomatically  maintained  on  the 
mirror,  ice  will  form  on  the  mirror,  for,  as  previ¬ 
ously  explained,  supercooled  water  cannot  long 
exist  on  a  free  and  exjiosed  surface. 

Dewpoint  instruments  have  been  built  with  re¬ 
ported  sensitivities  of  0. 1  ”  C  (27)  and0.()l°(’  (!>7) 
and  with  leported  accuracies  of  ±1  percent  of 
the  vajKir  pressure  (27)  at  temperatures  above 
freezing  and  ±1°  C  at  —  T0°  C  (127). 

4.4.  Electrical  Hygrometers 

Diininori’.  'I’liese  hygrometers  commonly  <le- 
pend  upon  the  change  in  electric  resistance  of  a 
hygroscopic,  material  with  change  in  humidity. 
In  one  design,  largely  developed  by  Dunmore  (!>f. 
00,  10.‘!),  two  parallel  wires  of  a  noble  metal  are 
wound  upon  a  polystyerene  cylinder  or  strip.  .\ 


hygroscopic  coating  of  polyvinyl  acetate  or  poly- 
vin\l  alcohol  and  dilute  lithium  chloride  solution 
is  phiceil  between  the  wires.  At  constant  teiii- 
peratui’e  the  logarithm  of  the  electrical  resistance 
between  the  jiarallel  wires  varies  aiqiroximately 
linearly  with  the  logarithm  of  the  relative  Inimiil- 
ity  and  is  measured  by  a  suitable  Wheatstone 
itridge,  jireferably  using  alternating  current,  or 
other  suitable  electric  circuits.  The  electric  re¬ 
sistance  at  constant  relative  humidity  is  highly  de- 
])endent  upon  temiieiature,  especially  at  tenqiera- 
t  tires  below  0°  C. 

'riie  hygrometer  wa.s  primarily  developed  for 
use  in  radiosondes  in  whieh  the  output  is  fed  to  a 
ratlio  transmitter  and  controls  an  audio  frequency. 
It  is  widely  used  for  this  purpose  and  is  manu¬ 
factured  by  a  number  of  firms.  An  indicator  and 
a  controller  for  industrial  use  is  now  available 
commercially. 

An  elementary  theory  of  the  electric  hygrom¬ 
eter  has  been  proposed  by  Schaffer  (132). 

Similarly,  as  for  the  hair  hygrometer,  the  chief 
defect  has  been  in  stability  of  calibration,  which 
seems  to  have  been  overcome  in  the  model  for  in- 
tlustrial  use.  'Hie  continuous  application  of  di¬ 
rect  current  causes  polarization  with  a  resultant 
shift  in  calibration  and  ultimate  deterioration. 
.\t  leniperatures  above  freezing,  the  response  to 
humidity  clianges  is  rapid,  but  at  lower  tempera¬ 
tures,  time  lags  are  appreciable.  Some  data  on 
the  i)erformance  at  low  temperatures  are  given  in 
(134  and  150).  One  of  the  advantages  of  this 
design  is  that  it  is  remote  indicating  an  adaptable 
for  control.  See  also  (113  and  114). 

Dewed.  Another  form  of  the  electric  hygrom¬ 
eter  is  the  “dewcel”.  which  is  remote  indicating 
and  can  be  used  for  control  (13C.  1.54).  Essen¬ 
tially  it  indicates  the  dewpoint  temiierature.  The 
sensing  element,  similarly  as  the  Dunmore  ele¬ 
ment,  has  a  parallel  wire  winding  with  the  ma¬ 
terial  between  the  wires  kept  net  with  a  wick  im- 
jiregnated  with  a  saturated  solution  of  lithium 
chloride.  The  element  is  heated  by  an  electric 
current  passed  between  the  parallel  wires  until  its 
temperature  is  such  that  the  element  neither  loses 
nor  gains  moisture  from  the  surrounding  atnios- 
])here.  The  electric  resistance  of  the  element  in- 
crea.ses  if  the  temperature  is  above  the  equilibrium 
(em]>erature.  since  the  solution  concentralion  in¬ 
creases  by  evaporation,  and  vice  versa,  and  thus 
the  vapor  ])ressnre  of  the  solution  on  the  element 
is  aiitomatically  brought  to  and  maintained  in 
e(|uilibriuni  with  the  surrounding  vapor  jiressiire. 
The  teni])erature  of  the  element,  which  is  meas¬ 
ured  either  by  a  resistance  or  liquid  filled  ther¬ 
mometer.  determines  the  vapor  pressure  of  the 
lithium  chloride  solution  which  in  turn  equals  the 
jiressure  of  the  water  vapor  in  the  .-nrronnding 
atmosiiht're.  The  scale  can  he  graduated  in  terms 
of  dewjioint  insofar  as  the  vapor  pressures  for 
.saturated  lithium  chloride  are  accurately  known. 
It  is  apjiroxiniatel V  15  percent  of  that  of  water 
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clown  to  lompenitiires  of  about  0°  C.  Witli  ri*r- 
taiu  restrictions  the  dewpoint  is  measurable  in 
the  ran^e  —10  to  +100°  F.  Stability  of  calibra¬ 
tion  under  service  conditions  is  claimed. 

Tliis  instrument  can  be  used  for  remote  indicat¬ 
ing,  recording  and  control.  It  functions  best  in 
still  air,  and  when  the  ventilation  of  the  sensitive 
element  becomes  excessive  (greater  than  .50  ft/ 
min),  suitable  means  must  be  used  to  reduce  the 
ventilation,  if  accuracy  is  to  be  maintained. 

H'cavcr.  Weaver  and  Riley  (147)  liave  devel¬ 
oped  a  type  of  electric  hygrometer  which  has  ap¬ 
plication  in  routine  checking  of  water  vapor  con¬ 
tent  of  gases,  particularly  those  in  high  pressure 
cylinders. 

The  sensitive  element  is  a  film  of  electrolyte, 
usually  phosphoric  and  sulfuric  acid,  with  suit¬ 
able  electrodes  for  use  in  measuring  the  electric 
resistance  of  the  film,  all  mounted  in  a  small  case, 
as  an  aviation  engine  spark  plug,  suitably  modi¬ 
fied.  .Since  the  electric  resistance  of  the  film  is 
unstable,  a  comparison  procedure  is  resorted  to,  in 
which  the  resistance  of  the  film  in  equilibrium 
with  the  atmosphere  to  be  measured  is  immedi¬ 
ately  matched  by  exposing  to  an  atmosphere,  the 
moisture  content  of  which  can  be  controlled  in  a 
knowi\  way. 

In  the  primary  use  of  the  instrument,  in  meas¬ 
uring  the  dryness  of  aviator’s  oxygen,  pressure 
control  was  found  to  be  most  convenient  and  is  de¬ 
scribed  here  only  in  its  most  elemental  form.  Gas, 
usually  nitrogen,  is  humidified  100  percent  while 
at  high  pressure.  A  sample  of  this  nitrogen,  at 
atmospheric  pressure,  is  i)assed  through  the  cell 
and  the  resistance  noted,  usually  as  the  reading  of 
a  galvanometer  in  an  unbalanced  alternating-cur¬ 
rent  Wheatstone  bridge.  Then  a  sample  from  the 
comi)ressed  gas  under  test  is  passed  through  the 
cell,  at  f.  pressure  which  is  leduced  until  the  same 
reading  is  obtained.  From  the  measured  pres¬ 
sures  and  the  known  water  <a)nteut  of  the  saturated 
sample,  either  the  Aveight  of  water  vaj)or  per  unit 
volume,  vapor  pressure,  or  relative  humidity  of  the 
test  sam])le  can  he  computed. 

The  instrument  is  characterized  by  speed,  the 
Use  of  a  small  sample  and  greater  sensitivity  than 
is  possessed  by  other  instruments  or  methods  com¬ 
parable  in  these  respects.  It  is  available  com¬ 
mercially. 

TAchtqarn.  The  variation  in  electric  resistance 
with  relative  humidity  of  selected  underfired  clays 
has  been  ijivestigated  by  Lichtgarn.  The  per¬ 
formance  data  are  incomplete  as  yet,  and  no  ele¬ 
ments  appear  to  be  commercially  available  (137). 

Gregory  hnmidiomffer.  Gregory  (120)  has 
utilized  tlie  electric  resistance  of  cotton  impreg¬ 
nated  with  LiCl  or  CaCh  solution  to  me.asure 
humidity.  This  metliod  has  been  applied  to  the 
measurement  of  humidity  on  the  skin  and  clothes 
of  a  human  subject  (131). 

Burhidqe  and  A  Irrander.  The  variation  in  elec- 
fric  resistance  of  cotton  wool  and  human  hair  has 


been  investigated  by  Burbidge  and  Alexander 
(51).  The  logarithm  of  the  resistancy  of  these 
materials  is  proi)ortional  to  relative  humidity. 

4.5.  Gravimetric  Hygrometry 

a.  Change  in  Weight  of  Drying  Agent 

The  well-known  gravimetric  method  is  accepted 
as  the  most  accurate  for  determining  the  amount 
of  Avater  vapor  in  a  gas.  The  gas  mixture  of 
measured  volume  and  knoAvn  i)rcssure  and  tem- 
2Aerature  is  {massed  over  a  moisture  absorbing  chem¬ 
ical,  usually  phosi)horous  {Aentoxide  for  results  of 
the  highest  accuracy,  and  its  increase  in  Aveight 
determined.  For  the  data,  the  Aveight  of  Avater 
A-ajmr  j)er  unit  volume  and  the  relative  humid¬ 
ity  of  the  gas  sample  can  be  computed.  Consid¬ 
erable  care  is  required  to  obtain  reliable  data  (3, 
27,  66,  149).  This  jnethod  is  employed  onl}’  in 
fundamental  calibration  of  instruments  or  exact 
determinations  of  Avater  vajAor  content. 

b.  Change  in  Weight  of  Absorbing  Material 

In  this  tyj^e  of  hygrometer  a  moisture  absorb¬ 
ing  material  such  as  human  hair,  or  a  chemical, 
or  combinations  of  both  to  obtain  a  structure  con- 
A’enient  to  handle,  is  continuously  Aveighed  by  a 
delicate  balance  Avith  an  indicator  and  calibrated 
humidity  scale.  The  Aveight  of  the  rnaterial  must 
change  only  with  change  in  the  relative  humidity 
of  the  ambient  air  (109,  118,  119).  Instruments 
of  this  type  are  not  known  to  be  aA’ailable  com¬ 
mercially. 

4.6.  Thermal  Conductivity 

The  diflFerence  in  thermal  conductivity  between 
air  (or  other  gases)  and  Avater  vajior  is  utilized 
so  that  the  temperature,  and  thus  the  electric  re¬ 
sistance  of  a  hot  Avirc  in  a  small  cell  vai  ies  Avith 
change  in  humidity  of  the  air  samiile.  Taa’o  hot 
Avires,  one  in  a  leference  cell  exjAOsed  to  dry  air, 
are  in  a  bridge  circuit,  the  output  of  Avhich  is  a 
function  of  the  va])or  ])ressure  of  Avater  in  the 
sample.  The  theory  has  been  developed  by 
Daynes  (31)  and  Shakespear  (34).  A  model  Avas 
built  by  Leeds  &  Xorthrup  (61,  76).  This  hy¬ 
grometer  is  limited  in  sensitivity  at  Ioav  tempera¬ 
tures  owing  to  the  Ioav  vapor  pressure  of  Avater 
vapor  existing  at  these  temperatures.  It  has  con¬ 
siderable  promise  as  a  recorder  of  humidity  in  a 
closed  space  and  in  meteorology.  It  is  limited  by 
the  fact  that  it  is  not  specific  for  Avater  vapor  but 
indicates  any  change  of  composition  of  the  gas  en¬ 
tering  the  instrument. 

ScliAvarz  (13S)  has  called  attention  to  the  pos¬ 
sibility  of  subjecting  the  Avater-A-apor  sample  to 
an  inhomogeneous  electric  field  in  a  thermal  con¬ 
ductivity  ap])aratus.  Since  the  Avater  molecule  is 
a  dipole,  an  additional  circulation  of  the  Avater 
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vapor,  in  contrast  to  that  obtained  with  air,  is 
st'cnred.  This  etfect  can  be  expected  to  add  to  the 
effect  of  differences  in  the  heat  conduction  of  air 
and  water  vapor.  No  development  work  appears 
to  have  been  done  on  this  possibility. 

4.7.  Spectroscopic  Method 

Instruments  have  been  developed  in  which  in¬ 
frared  bands  which  arc  absorbed  by  water  vapor 
are  comjiared  in  intensity  with  another  band  not 
so  absorbed.  The  sample  of  air  under  analysis 
may  be  in  a  tube  (116,  125)  with  the  spectral 
bands  obtained  from  a  lamp  or  may  be  the  entire 
atmospliere  with  the  sun  furnishinjj;  the  s])ectral 
bands  ( 124).  The  effect  of  water  vapor  upon  the 
cncrjry  of  tlie  received  radiation  may  be  measured 
by  phototubes  or  thermocouples.  Tlie  instrument 
is  not  made  commercially. 

4.8.  Index  of  Refraction 

Some  experimental  work  has  been  done  on  the 
variation  of  the  index  of  refraction  of  a  thin  film 
of  frlycerine  with  water  vapor  content  of  the  am¬ 
bient  air  (20  and  48).  The  method,  even  if  suc¬ 
cessfully  develoDcd,  appears  to  have  only  limited 
application. 

4.9.  Measurement  of  Pressure  or 
Volume 

'I’iie  volume  of  water  vapor  in  a  gas  sample  can 
be  measured  if  its  change  in  volume  is  measured 
at  constant  pressure  before  and  after  the  water 
vapor  is  absorbed.  Conversely,  if  the  volume  is 
held  constant,  the  change  in  pressure  gives  the 
pressure  of  the  water  vapor.  These  methods  are 
useful  only  in  laboratory  investigations.  The 
difficulty  of  obtaining  accurate  determinations  in¬ 
creases  rapidly  with  decrease  in  temperature  of 
the  gas  sample.  See  (1  and  8)  for  descriptions 
of  a  number  of  instruments  of  this  type. 

In  one  form  of  constant  pressure  apparatus  a 
manometer  and  also  a  graduated  tube  containing 
an  absorbing  liquid,  such  as  sulfuric  acid,  arc 
connected  to  a  gas  container.  In  operation  sul¬ 
furic  acid  is  slowly  admitted  to  the  container  to 
absorb  the  water  vapor  in  the  sample  and  at  the 
same  time  in  sufficient  volume  to  maintain  con¬ 
stant  the  absolute  pressure  of  the  gas,  as  indicated 
by  the  manometer  and  a  barometer.  The  volume 
of  acid  admitted  is  the  volume  of  water  vapor  in 
the  sample,  subject  to  corrections  for  lack  of  con¬ 
stancy  of  temperature  or  of  the  reference  pre&sure. 

If  the  apj>aratus  ju.st  described  is  modified  so 
that  the  sulfuric  acid  forms  part  of  the  original 
volume,  a  constant  volume  apparatus  results.  In 
this  case  the  cliange  iii  pressure  as  the  water  vapor 
is  absorbed  is  tlie  water-vapor  pressure. 

The  tilting  form  of  absorption  hygrometer  de¬ 


scribed  by  Mayo  and  Tyndall  (33)  is  essentially 
a  constant  volume  instrument.  Here  the  absorb¬ 
ing  material  is  installed  in  a  piston  which  moves 
from  one  end  of  the  cylinder  containing  the  gas 
sample  to  the  other  as  the  cylinder  is  oscillated, 
thus  forcing  the  gas  through  the  absorbing  chemi¬ 
cal.  This  piston  action  reduces  the  time  required 
for  complete  absorption  of  the  water  vajior.  The 
fall  in  gas  pressure  which  is  measured  is  the  water 
vapor  pressure.  The  device  is  proiiosed  as  a  work¬ 
ing  standard  in  calibration  of  hygrometers.  It 
is  not  available  commercially. 

One  version  of  constant-volume  hygrometer 
(105)  completely  dispenses  with  an  absorbing 
chemical  and,  instead,  uses  low  temperatures  to 
condense,  part  of  the  water  vapor  content  of  a  gas 
sami)le,  atul  from  a  measurement  of  the  tempera¬ 
ture  and  reduction  in  jtressttre,  permits  the  deter¬ 
mination  of  the  itiitial  vapor  pressttre.  In  this 
instrument,  two  identical  ve.ssels.  one  containing 
dry  gas  and  the  other  the  gas  sami)le  of  unknown 
water  vapor  content,  are  scaled  atid  cotmected 
through  a  differential  matiometer.  'I’he  vessels 
are  then  immersed  in  a  liquid  bath  atul  gradually 
cooled  itntil  the  differential  manometer  registers  a 
pressttre  differetice,  itidicating  that  cotuleusatioti 
of  water  vapor  has  taken  place  iti  the  gas  samjtle. 
At  this  point  the  temperattire  and  pre.sstire  differ¬ 
ence  are  read.  From  the  saturation  pressure  at 
the  observed  temperature  and  from  the  itresstire 
difference,  the  initial  water  vapor  content  is  then 
comptited. 

By  employing  a  liquid-air  trap,  the  moisture  in 
a  large  volume  of  gas  can  be  condensed  and  then 
suitably  measured.  The  known  volume  of  gas  is 
passed  through  the  trap  and,  while  the  low  tem¬ 
perature  is  maintained,  the  trap  is  evacuated.  The 
apparatus  is  then  allowed  to  warm  up,  preferably 
in  a  thermostatted  bath,  and  the  vapor  i)ressurc 
measured.  Experience  with  this  method  at  this 
Bureau  indicates  that  for  frost  points  Inflow 
—20°  C,  it  is  better  than  the  direct  determination 
of  the  frost  point.  When  using  this  method  with 
gases  containing  carbon  dioxide,  the  temperature 
of  the  air  trim  is  raised  above  —78°  C  before 
evacuation.  Toiis  permits  any  condensed  carbon 
dioxide  to  be  vaporized  and  removed  from  the 
trap. 

For  additional  information  on  absorption  hy¬ 
grometers,  see  (30,  85,  86,  101,  111). 

4.10.  Thermal  Rise 

The  rise  in  temperature  accompanying  the  ex¬ 
posure  of  dry  cotton  wool  to  moist  air  nas  been 
employed  as  a  means  of  indicating  humidity  (see 
(36  and  45)  for  details). 

4.11.  Mobility  of  Ions 

The  change  in  the  mobility  of  ions,  produced 
by  a-rays  and  y-rays,  due  to  the  presence  of  water 
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vapor  has  Ihhmi  investijiatrd  (do.  ol).  "Wliilo  a 
small  offrrt  has  hrt'ii  ohst'i'vrd,  no  practical  hy- 
jiromctcr  has  hern  devtdoped. 

4.12.  Dielectric  Constant 

liii'iihaum  has  dc\  eloped  a  recording  microwave 
relractometer  (  I.'):’))  of  hi<xh  sensitivity  that  can 
continnonsly  sample  and  record  the  dielectric  con¬ 
stant  of  a  sti'cam  of  air  or  <ras.  .Since  the  dielec¬ 
tric  constant  of  air  varies  with  water-vapor  con¬ 
tent.  this  instrument  may  he  employed  as  a  re- 
cordinij  hy<xronu‘ter.  'I'he  l  efractometer  o])erates 
hv  comparin':  two  identical  cavity  resonators. 
Into  one  of  these  cavities,  the  test  sample  is  in- 
trodiu-ed.  'I’he  resnltinf;  differences  in  resonance 
fre([iiencv  between  the  two  cavities  is  then  a  meas- 
)ire  of  the  dielectric  constant  of  the  test  sample. 
In  addition  to  its  hi^h  sensitivity,  the  refractom- 
eter  has  a  time  response,  limited  hy  the  response 
of  the  recording:  milliammeter.  of  about  one-half 
second  to  discirte  chancres  in  dielectric  constant. 
A  similar  instrnment  has  been  reportetl  bv  Crain 
(IhT). 

4.13.  Critical  Flow 

Wildhack  (lotj)  has  proi)osed  a  means  of  meas- 
urinj:  relative  humidity  which  utilizes  sonic,  or 
critical,  flow  throufih  small  nozzles.  Two  sets  of 
two  iii)zzles  in  series  are  arran<:ed  in  parallel,  with 
critical  flow  maintained  through  all  nozzles.  At 
critical  flow  the  mass  flow  through  each  nozzle  is 
independent  of  the  downstream  pressure,  and  is 
directly  proportional  to  the  entrance  pressure. 
An  absorber  of  water  vapor  is  placed  between  one 
series  pair  of  nozzles,  which  reduces  the  mass  flow 
and  hence  the  gas  pressure  at  the  entrance  to  the 
downstream  nozzle.  Measurement  of  the  dif¬ 
ference  in  entrance  pressures  between  the  two 
downstieam  nozzles,  of  the  absolute  pressure  of 
the  gas  at  the  entrance  to  the  referenced  down¬ 
stream  nozzle,  and  of  the  gas  temperature,  will 
serve  to  determine  the  relative  humiditv  of  the 
gas. 

4.14.  Diffusion  Hygrometer 

The  difference  in  density  of  completely  and  ]>ar- 
tially  saturated  air,  at  the  same  temperature,  has 
been  employed  to  measure  air  humidity  (4!)). 
Esentially,  a  column  of  atmospheric  air  is  bal¬ 
anced  against  a  column  of  saturated  air.  The  dif¬ 
ference  in  density  of  the  two  columns  causes  the 
lighter  saturated  air  to  diffuse  upward  into  the 
atmosphere  and  the  atmospheric  air,  because  of 
its  greater  density  to  diffuse  downward  into  a 
satiiiation  chamber  where  it,  in  turn,  becomes 
fidly  humidified.  The  rate  of  diffusion  is  then 
directly  related  to  the  vapor  pressure  of  the  at- 
mos[)heri(;  air  and  is  detected  and  measured  by 
means  of  the  deflection  produced  in  a  susj)ended 


vane.  It  is  claimed  that  this  water  vapor  diffu¬ 
sion  method  can  o])erate  over  a  wide  temperature 
range,  is  continuously  indicating  or  recording,  is 
easy  to  o])erate  and  is  j)ortable. 

A  different  approach  was  used  in  the  hygrom¬ 
eter  described  by  (Jreinacher  (1‘J’J).  His  instiai- 
inent  is  based  on  the  difference  in  diffusion  of 
water  vapor  and  air  through  a  semi[)ermeable 
inembran<-e.  A  jxirons  clay  plate  cemented  to  an 
opening  in  the  wall  of  an  enclosed  vessel  contain¬ 
ing  a  *lesiccant  ])referent  ially  permits  air  diffu¬ 
sion  and  jnevents  water  vapor  diffusion.  .V 
diffei'cntial  manometer,  communicating  with  the 
enclosed  vessel  and  the  ambient  atmosphere 
(whose  humidity  is  being  measured),  ivgisteis  a 
pressure drop  A/>i  that  is  directly  proi)ortional  to 
the  partial  piessuri'  c  of  the  water  vapor  in  the 
ambient  atmosphere.  In  order  to  avoid  consid¬ 
eration  of  the  constant  of  proportionalit v  of  the 
apparatus  a  similar  vessel  with  an  identical  por- 
oui’S  clay  plate  and  mammieter.  hnt  containing 
water  instead  of  the  dessicant,  is  employed.  The 
l)ressnre  di'op  indicated  by  the  latter  arrange¬ 
ment  is  directly  proportional'to  the  difference  be¬ 
tween  the  saturation  vapor  jiressnre  c,  and  the 
ambient  ))artial  pressure  c  at  the  ambient  temper¬ 
ature.  'I'he  relative  humidity  is  given  by  the 
relation. 

Rn=  100  X  --=100  X - 

e.  A/),  +  A/)j 

Further  theoretical  consideration  of  this  hygrom¬ 
eter  are  i)iesente<l  by  Spencer-dregory  and 
Rourke  (141).  'Fhe  inst  rument  is  rejmrted  to  be 
extremely  sensitive  to  rai)id  tem])erature  changes 
which  may  give  rise  to  erroneous  reailings. 

4.15.  Chemical  Methods 

Several  methods  are  available  for  the  deter¬ 
mination  of  the  moisture  content  in  gases  by  chem¬ 
ical  means.  A  very  simple  and  qualitative  indi¬ 
cator  may  be  made  based  on  tlie  change  in  color, 
from  blue  to  jiink,  of  cloth  or  i)ai)er  impregnated 
with  cohaltous  chloride,  as  the  (nunidity  increases. 
When  a  color  comparison  scale  is  employed  with 
this  imlicator,  a  rough  estimate  of  the  relative 
liumidity  is  obtained  (7.')).  Cohaltous  bromide 
may  similarly  be  used,  with  a  threefold  increase 
in  sensitivity.  'I'he  colors  of  these  cobalt  salts 
are  affected  by  temperature  as  well  as  humidity. 
'I'he  quantitative  measurement  of  water  vapor  has 
been  successfully  made  by  using  cohaltous  bro¬ 
mide  as  an  indicator  in  a  visual  (112)  and  in  a 
|)hotoelectric  (12:f)  colorimetric  method. 

'I'here  is  a  series  of  compounds  of  ketones  and 
(Jrignard  reagents  which  can  form  internal  ions 
accompanied  by  the  develo])ment  of  intense  color, 
induced  by  the  presence  of  water.  Some  useful 
compounds  are  the  complexes  of  Michler’s  ketone 
(tetramethyl-diaminobenzophenone)  and  (irig- 
nard  reagent  (ethyl  magnesium  bromide,  methyl 
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inajrnesiiiin  iodide,  or  phenyl  niafruesium  iodide). 
An  apparatus,  eniployinfj  the  color  change  of 
iliese  coinjMHinds,  has  been  developed,  primarily 
for  detecting  moisture  in  compiessed  oxygen  ( 19). 
The  apparatus  and  method  involves  sealing  a 
measured  amount  of  compound  with  dry  sand  in 
a  glass  ampule.  Then,  \inder  a  controlled  and 
uniform  rate  of  gas  flow,  the  amjmle  is  broken 
and  the  time  for  the  movement  of  the  resultant 
color  front  along  a  specilied  distance  is  meas¬ 


5.  Test 

The  testing  and  calibration  of  hygrometers  in¬ 
volve  the  production  and  control  of  atmospheres 
of  known  relative  humidity  over  a  wide  range  of 
temperatures.  While  the  methods  of  humidity 
production  are  varied,  they  may  be  classified,  con¬ 
veniently.  into  several  categories.  The  equipment 
for  ])rodiicing  the  known  relative  humidity  must 
be  designed  so  that  hygrometeis  to  be  tested  can 
be  conveniently  exposed  to  the  controlled  atmos- 
})here. 

The  sections  below  are  restricted  largely  to  the 
description  of  methods  of  producing  a  constant 
humidity  of  known  amount  useful  for  calibration 
of  hygrometers. 

5.1.  Basic  Methods 

Kelative  humidity  is  related,  through  the  funda¬ 
mental  gas  laws,  to  such  pai’ameters  as  tempera¬ 
ture,  pressure,  and  water-vapor  content.  Several 
convenient  and  practical  methods  are  available  of 
directly  establishing  atmospheres  of  known  rel¬ 
ative  humidity  with  sufiicient  precision  and  ac¬ 
curacy  by  the  measurement  and  control  of  these 
parameters,  without  requiring  auxiliary  humidity 
measuring  and  sensing  instruments. 

The  principle  of  divided  flow  may  be  employed, 
when  flow  is  peiinissible,  to  produce  any  desired 
humidity.  A])paratus,  based  on  this  principle, 
has  been  described  in  (70)  for  use  at  temperatures 
above  freezing  and  in  (134  and  149),  for  use  at 
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Fioitrb  1.  Simiilifird  schematic  (liai/ram  of  the  principle 
of  operation  of  the  divided-flow  humidity  apparatus. 


ured.  This  time,  for  a  given  batch  of  ampules 
identically  made,  is  a  function  of  the  moisture 
content,  tbe  temperature  and  rate  of  flow. 

A  method  for  the  analytical  determination  of 
the  water  content  in  a  wide  range  of  materials 
was  ])roposed  by  Karl  Fischer  in  1935  (84).  His 
reagent,  a  solution  of  iodine,  sulfur  dioxide  and 
pyridine  iii  methanol,  is  the  basis  of  titrimetric 
procedures  that  have  been  applied  to  moisture  de¬ 
terminations  in  gases  (ilO). 


Methods 


l''i<irRE2.  (simplified  schematie  diagram  of  the  txco-temper- 
alure  recireiilatiiig  method  of  reiatire-hiimidil g  pro- 
duet  ion. 

A,  gas  punip ;  H.  test  chamber;  (',  water;  D.  saturator;  E, 
tberiiio.statted  batli. 

temperatures  below  0°  C  (32^  F).  A  stream  of 
dry  air  is  divided  accurately,  usually  by  means  of 
a  jtroportioning  valve,  into  two  ])arts.  One  jtart 
is  saturated,  with  respect  to  water  or  ice;  the| 
other  jtart  is  maintained  dry.  The  two  parts  are 
then  recombineil  in  a  test  chamber  and  exhausted 
into  the  air.  The  relative  humidity  is  given  by 
the  ratio  of  the  division.  A  simplified  schematic 
diagram  of  this  method  is  shown  in  figure  1. 

In  the  recirculation  or  two-temperatures 
method,  a  stream  of  air  is  saturated  at  a  controlled 
temperature  and  then  the  temperature  of  the  mix¬ 
ture  is  elevated,  without  loss  or  gain  in  moisture. 
A  measuiement  of  the  two  temperatures  .serves  to 
<letermine  the  relative  humidity.  To  insure  com¬ 
plete  saturation  at  the  lower  temperature,  the  air 
stream  is  recirculated  in  a  closed  system  from  the 
saturator  (at  the  lower  temperature)  to  a  te.st 
chamber  (at  the  higher  temperature)  and  back 
to  the  saturator.  The  temperatures  must  be  ac¬ 
curately  measured  and  controlled;  for  example, 
at  20°  C  ((58°  F)  an  error  of  0.2°  C  (0.3°  F)  in 
either  temperature  measurement  represents  1  per¬ 
cent  error  in  relative  humidity,  which  error  in¬ 
creases  at  lower  temperatures.  Laboratory  equip¬ 
ment  of  (his  type  has  been  built  (lOG.  155),  but 
none  is  commercially  available.  The  method  is  il¬ 
lustrated  in  figure  2. 


Ill  the  two-pressure  method  (147)  a  stream  of 
air  (or  some  other  <ras)  at  an  elevated  jiressure 
is  saturated  and  the  pressure  of  the  saturated  air 
is  reduced  as  reipiired  to  obtain  any  desired  hu¬ 
midity.  Since  the  desired  relative  humidity  is 
reipiired,  usually,  at  atmospheric  pressure,  the 
elevated  pressure  is  so  adjusted  that  the  air.  upon 
expansion  to  atmospheric  pressure,  will  he  at  the 
proper  relative  humidity.  The  pressure  of  the 
air  and  water  vajiGr  mixture  is  measured  at  both 
the  elevated  and  reduced  iiressures,  and  so  are  the 
temperatures,  if  they  differ.  'I'o  insure  that  the 
saturator  and  te.st  chamber  tem])eratures  remain 
the  same,  and  also  to  provide  a  means  of  eon- 
trollinf;  and  establishinjx  any  desired  ti'inperature. 
the  saturator  and  test  chamber  are  immersed  in 
a  tliermostatted  bath.  'J'o  prevent  condensation 
the  saturated  air  tempi'rature  must  not  fall  below 
tlie  dewpoint,  which  may  recpiire  heatiiijr  the  mix¬ 
ture  at  or  before  it  flows  throujrh  the  pressure- 
reduciitfr  valve.  Even  at  room  temperature,  con¬ 
trol  of  the  saturator  temjierature  will  be  necessary 
if  the  air  flow  is  appreciable.  At  constant  tem¬ 
jierature,  the  relative  humidity  is  roujjrhly  the  ratio 
of  the  two  jiressiires,  assuminir  ideal  <ras  laws. 
More  accurate  computation  of  the  relative  humid¬ 
ity  takes  into  account  deviations  from  the  ideal 
♦ras  laws  (147). 

One  tyjie  of  saturator  emjiloyed  in  this  method 
consists  of  a  cylinder  filled  with  clean  sand  and 
water  (hrou<rh  which  the  air  passes.  Another 
type  similarly  consists  of  a  cylinder  into  whiclt 
water  has  been  added,  but  the  air  in  this  type 
enleis  the  cylinder  taufientially  to  and  above  the 
water  (or  ice)  surface  and.  after  swirliiijr  around 
many  times  over  the  water,  emei  jfes  through  a  cen¬ 
tral  jiort  at  the  toj).  A  sketch  of  this  method  is 
.shown  in  figure  o. 

In  the  water  or  steam  injection  method  for  the 
jnecise  conti'ol  of  relative  humidity,  moisture  and 
dry  air  are  mixed  in  desired  {)ro|)ortions,  usiiifr 
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Kiocrb  3.  Sinii)lifir(l  schematic  diagram  of  the  two- 
pressure  method  of  relative-humidity  production. 

A.  HlKli-proRstire  sonrre ;  R,  prosKiire  rodnror ;  C,  satiirnfor 
(watpr  or  Ico)  ;  I),  valve;  K,  lieat  exchanKor ;  F,  teat 
cliamber ;  O,  to  atiiiospliere ;  II,  tliermostatted  both. 


nozzle.«,  orifices  or  other  metering  elements  in  con¬ 
junction  with  pressure  reducers.  See  (07)  for 
one  apidication. 

5.2.  Secondary  Methods 

Very  convenient  methods  exist  for  establishing 
atmospheres  of  known  relative  hnniidity  which 
depend  upon  the  etpiilibrium  vapor  pressure  of 
water  when  a  chemical  is  dissolved  in  it.  These 
methods  are  ideally  suited  for  controlliiiir  the  rel¬ 
ative  humidity  of  a  small  closed  sjiace.  Equi¬ 
librium  conditions  are  more  rajtidly  e.stablished 
when  air  circulation  or  stirrin<r,  as  by  means  of  a 
fan  or  blower,  is  employed.  In  all  these  methods, 
the  test  chamber  should  be  kejit  free  of  hy^rro- 
.‘^cojnc  materials,  such  as  wood. 

The  saturated  salt  solution  method  is  inexjien- 
sive  and  simple  and  produces  constant  relative 
humidities  that  are  rou<rhly  independent  of  teni- 
pm  ature.  This  method  is  used  frequently  forcal- 
ibratiiifr  mechanical  type  liy<rrometers.  A  sealed 
chamber  is  required,  for  which  a  laifre  <rlass  jar 
or  bell  jar  is  often  suitable.  The  salt  solution  is 
made  up  as  a  slushy  mixture  in  a  "lass  or  enameled 
tray  or  in  the  "lass  jar,  if  used,  with  the  solution 
spreadin"  over  as  lar"e  an  area  as  j)racticable. 
Distilled  water  and  chemically  pure  salts  must  be 
used.  'I’he  salts  listed  in  table  4  have  been  found 
useful:  for  a  list  of  others  see  (4).  The  data  in 
table  4  are  based  partly  on  the  vapor  jiressure  data 
jliven  in  the  International  Critical  Tables  (17) 
ami  jiartly  on  dewpoint  measurements  made  at 
this  liureau. 

Tablk  4. — Saturated  f^alt  Ftttlutiousi  suitatdf‘  for  uf^e  in 
huwiditij  rorifrol 

K\()T  =  p{)i;i.'vsinni  nit  rale 
.\a('l*SfKli(irn  chlorido 
Mp(\t  h'2.r»MjO  =  nm{rn(‘siiiin  I'itratc 
'“tnupnosiuni  chhiriilo 
l.iri  =  lithhun  r!il('ritlt‘ 


Heiativr  liiimiility  of  saturiitt'd  salt  st>Iuiion 


KNOj  Nan 

MpCNOi^j.r.iho 

Mprii.oHjO 

I.K'I 

1  Of, 

r- 

f' 

r* 

f 

n 

1 

07  70 

54 

54 

10 

i 

!«i  7r) 

54 

5.5 

10 

10 

,  50 

0.5  7.'! 

5.5 

14 

ir. 

1  fiO 

05  75 

5.5 

15 

f  OH 

04  75 

5.1 

.5.5 

12 

25 

1  77 

W  75 

r.) 

5.5 

11 

;to 

1 

02  75 

5‘* 

.52 

11 

.*15 

o,*-. 

OO  75 

r>\ 

.52 

r 

40 

j  104 

Ml  75 

51 

51 

11 

Water-sulfuric-acid  mixtures  (;ff).  .rj,  {V.\)  jiro- 
duce  atmosjiheres  of  relative  humidity  that  de- 
jiend  on  comjiosition  and  temjierature.  Two 
techniques  may  be  emjiloyed.  The  liquid  may  be 
exjiosed  in  a  suitable  tray  iu  a  sealed  chamln'r  to 
"ive  the  equilibrium  vajior  jiressure  of  the  mix¬ 
ture,  or  air  may  be  bubbled  or  otherwise  brou"ht 
into  intimate  contact  with  the  liquid.  Wilson’s 
data  (.*19)  are  reproduced  in  table  ,i. 
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Tabi.k  5.  Relalive  humidiln  obtained  from  watrr-sulfvric 
arid  nohdionn 


riTcontiip'  of  lIjSOi  (fly  wi'ictit)  at 


;  Uol.itivt' 
i  liumitlily 

! 

0°  (’ 

2')®  (’ 

.'-.d'’  c 

r.*-,"*  r 

\  10 

I 

4)4.  H 

(iH.  tv 

i  -hi 

.'ll.  3 

r^r,  9 

.■>7.  .'V 

.'>().  0 

49.  4 

V).  9 

.‘»2.  5 

.M.  n 

i  .VI 

42.  1 

4:{.  4 

44.  S 

4«i.  2 

1 

31. H 

9 

37.  1 

.3*^.  a 

7.') 

29.  4 

311.  4 

31.4 

32.4 

94) 

J7.H 

IS.  .3 

19.2 

20.0 

w  at('r-"l3'cerino  niixtiiros  (Go)  will  similarly 
)>r()(ltice  :itmos|)h(‘r(‘s  of  known  rolative  lininitlit.v. 
The  tPohniqiiPH  pinpkn-pd  with  water-sulfnric 
acid  inixfnrps  work  pqinillA’  well  with  watpi - 
^l_vcprinp  inixtnrps.  The  rehitive  hnniiditx’  oh 
tainable  at  '25°  C  from  various  water-<iU'oerinp 
sffhitions  are  <tivpn  in  tiible  G. 

TABt.K  G.  Ifrlnlive  humidity  obtained  from  vatrr-glyrerine 
mi.rtiirex  at  di)°  (' 


Relative  huini'iity  f 

lyceiine  (by  weight) 

Siv'clfic  gm\ 

in 

r' 

9'« 

124.*. 

20 

92 

1 . 237 

1  :io 

S9 

1 . 229 

;  40 

1. 249 

.V) 

79 

1 . 293 

lid 

72 

1.  iKt 

711 

1V4  i 

1.  192 

Wl 

.’1  1 

1.  127 

99 

33 

1 . 979 

5.3.  Control  Methods 

In  response  to  a  spnsin<r  element,  snob  as  a 
ineehaniciil  hvtirometer,  electriciil  hyjfrometer, 
or  psj’chrometer,  the  humidity  of  a  closed  space 
nniv  he  rjiised  by  water,  spriiy  or  steam  injection, 
by  exposure  to  a  water  siirfiice  or  wet  wicks,  or 
1\V  the  introduction  of  satunited  or  hi<rh  humiditx' 
fiir  (or  fias),  or  the  humiditv'  mav  he  lowered  by 
chemical  absorption,  or  the  introduction  of  dry 
air  (or  fias).  The  controls  that  are  used  may  be 
manual  or  automatic. 

One  type  of  controlled-humiditj'  chamber  de¬ 
sign  (G2,  45)  consists,  essentially,  of  a  sealed 
chamber,  such  as  a  hell  jar.  in  which  air  circula¬ 
tion  is  obtained  b.y  means  of  a  fan.  Two  trays, 
each  with  a  tight  cover  that  can  be  raised  and 

6.  Selected 

6.1.  Books  and  Pamphlets 

(1)  F<‘ii'-hlif;skeitni<‘ssfinir.  11.  HoiiKnnls.  R.  OUlenhurR, 

Rerlin.  p  (l!t2fi).  ( Kxcelleiit  Reiieral  treat  is**) 

(2)  I'roporties  of  onliiiiiry  water  sulistnnce.  N.  Ernest 

Dorsey.  U<>inhold  Publ.  Co.  (1940). 

(3)  Dictionary  of  applied  physics.  Section  on  humidity 

hy  Skinner  (1023).  (Jlazebrook. 

(Describes  p.s.vchromelric.  dewpoint  and  gravl- 
iu(‘tric  methods  of  humidity  measurement.) 


lowered  externall.y,  are  placed  in  the  chamber. 
One.  trav  contains  a  chemical  absorbent,  snch  as 
sulphunc  acid,  silica  gel  or  Drierite,  while  the 
other  contains  distilled  water,  preferably  with  ex¬ 
posed  cotton  or  linen  wicks.  The  cov(>r  of  the 
appro])riate  trav  is  raised  until  a  h.vgrometer  in¬ 
dicates  that  the  desired  relative  humidity  has  been 
attained.  The  cover  is  then  droi)i>ed  and.  since 
the  chamber  is  sealed,  the  humidity  remains  con¬ 
stant.  This  chamber  ma\’  be  made  iiutomatic  by 
using  the  output  of  a  sensing  element,  through  an 
ai)propriate  circuit,  to  raise  or  lower  the  required 
cover. 

See  ( S.  10.  12,  .50,  54,  5S.  02.  05.  02.  1 14,  and  120) . 
for  additional  suggestions  find  details. 

5.4.  Comparisons  with  Standards 

While  it  is  ])referahh>  to  use  iitmospher(|s  of 
known  relative  humiditv  for  testing  or  calibra¬ 
tion,  it  is  ffften  desirable  to  niiike  spot  checks  of 
mechaniciil  hv’grometers  and  h.vgrogriiphs  finder 
])rev;uling  atmospheric  conditions  or  even,  in  some 
cases,  to  test  or  calibrate  hygrometers  in  cham¬ 
bers  where  the  humidity  is  not  known  or  only 
known  aifproximately.  Under  these  cfuulitions, 
the  readitigs  of  the  instrument  under  test  may  be 
compared  with  those  of  a  standard  instrument. 

It  is  generall^v  considered  that  the  primar.y 
standard  in  hygrometiw  is  the  gravimetric  method 
of  water  Viipoi  measurement.  However,  excejit 
for  work  of  the  highest  order  of  accuracy,  this 
method  is  seldom  used  as  a  working  standard.  On 
the  other  hand,  ])roved  designs  of  dewpoint  indi- 
catoi's  find  recorders  are  frecpiently  employed  as 
working  standards  where  accuracy  is  desired. 
Many  models  are  in  the  nature  of  laboratory  in¬ 
struments.  especially  those  depending  on  visual 
observation  and  manual  temperature  control,  re¬ 
quiring  skilled  personnel  for  successful  operation 
so  that  they  are  not  nsually  used  in  routine  cali¬ 
brations.  The  dry-  and  wet-bulb  psvehrometer  is 
particularly  suited  for  rapid  rontiue  work.  It 
should  be  used  with  caution  in  small  enclosures, 
for  evajuuiil  ion  from  the  wet-lndb  may  increase 
the  relative  humidity  of  the  space  being  measured. 
If  adequate  ventilation  is  secured  and  proper  pre¬ 
cautions  are  observed,  the  psychrometer  is  cali¬ 
brated  merely  by  having  its  thermometers 
calibrated. 
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